Abstract -We present a study of the dynamic shear-ordering of viscoelastic photonic crystals, based on core-shell polymeric composite particles. Using an adapted shear-cell arrangement, the crystalline ordering of the material under conditions of oscillatory shear are interrogated in real-time, through both video imaging and from the optical transmission spectra of the cell. In order to gain a deeper understanding of the macroscopic influences of shear on the crystallization process in this solvent free system, the development of bulk ordering is studied as a function of the key parameters including duty cycle and shear-strain magnitude. In particular, optimal ordering is observed from a pre-randomized sample at shear strains of around 160%, for 1Hz oscillations. This ordering reaches completion over timescales of order 10 seconds. These observations suggest significant local strains are needed to drive nanoparticles through energy barriers, and that local creep is needed to break temporal symmetry in such high viscosity nano-assemblies. Crystal shear-melting effects are also characterized under conditions of constant shear rate. These quantitative experiments aim to stimulate the development of new theoretical models which can deal with the strong local particle interactions in this system.
I. INTRODUCTION
Photonic structures based on colloidal crystals, in which periodic variations in refractive index create photonic band-gaps, have attracted considerable attention in recent years.
Colloidal crystals can be fabricated by self-assembly of sub-micron sized mono-disperse spheres, typically made of polystyrene or silica. [1] [2] [3] [4] Because the spheres are of a diameter comparable to the wavelength of light, there is potential for the development of structured materials with distinguishing optical properties, which are not accessible using dyes or pigments, particularly if the colloidal particles become highly ordered. Layers of closepacked spheres generate a periodic refractive index variation with the wavelength of maximum reflection  max from the colloidal crystal dependent on the layer spacing, incident angle and refractive index contrast according to the well-known Bragg law.
In recent work, we have reported three-dimensional (3D) ordered polymeric photonic crystals or "polymer opals". [5] [6] [7] [8] [9] These are fabricated by shear-induced ordering of coreinterface-shell (CIS) structured polymer spheres. The CIS polymer sphere is composed of a rigidly cross-linked polystyrene core (i.e. a rigid spherical core) covered with a low-glass transition temperature (T g ) poly(ethyl acrylate) (PEA) soft shell, via a thin (~10 nm) poly(methyl methacrylate) interlayer containing the co-monomer allyl methacrylate (ALMA) as a grafting agent (Fig. 1a) . Synthesis of CIS spheres is achieved by an emulsion polymerization route and the overall CIS diameter is readily controllable, typically ranging from 150 to 350 nm, without affecting the high monodispersity. [5, 10] The Bragg wavelength can thus be readily tuned over the whole range of the visible and near infrared spectral region by adjusting the sphere size. The net relative refractive index contrast (n/n) between core and shell materials in the archetypal PS/PEA system is typically of order 7%. Rheological studies [11, 12] have demonstrated that, whilst remaining grafted to the core, the soft shell polymer forms a quasi-continuous visco-elastic matrix during the shear-ordering process and the rigid spheres become regularly arranged. The final solvent-free polymer opals show exceptional flexibility, mechanical robustness and stretchability (>100%), along with the possibility of tuning the optical properties by visco-elastic deformation. [6, 13] These samples thus allow access to an exceptional variety of experiments (and the associated scientific insights) which are mechanically impossible in more conventional monolithic photonic crystals.
The development by Finlayson et al. of an edge-induced rotational shearing (EIRS)
process [14] has been demonstrated to reproducibly produce samples with improved uniformity of 3D bulk-ordering over areas of square-meters and through film thicknesses of greater than 100 microns, greatly enhancing both the intensity and chromaticity of the observed structural colour. Multiple crystallographic and microscopic characterizations [14, 15] have confirmed a cubic packing structure, with the absence of nextnearest neighbor interactions producing a random hexagonal packing arrangement. The subsequent demonstration of scale-up of these elastomeric synthetic opaline films to industrial length scales makes them very attractive as a route to a wide range of large-area and bulk-scale photonics applications, offering a step-change away from the monolithic architectures which are currently relied upon, including photonics materials, coatings, fibres and sensors. [16] [17] [18] [19] [20] Whilst the efficacy of shear-induced ordering in polymer opals has been demonstrated, relatively little is known concerning the detailed mechanism or time dependence of photonic crystal formation. In other systems of shear assembly of micronsized particles, such as the low viscosity colloidal suspensions described by Ackerson et al., [21, 22] Amos et al., [23] and Liu et al., [24] crystallization rates and the influence of conditions and experimental parameters have been characterized to a significant degree. More recent studies have also described the effects of oscillatory shear in such systems, [25, 26] where continuous shear can crystalize colloids when there is a fluid medium present.
However, we emphasize that these systems of colloidal suspensions cannot be directly compared to polymer opals, which in fundamental contrast contain no solvent. The core-shell design of particles means that, even at the point of melting, the polymer opals do not contain a discrete fluid phase. Commensurately, the system is athermal, and mobility of the spheres is highly inhibited by the gum-like medium. There is strong dissipation inside the system due to the viscoelasticity of the PEA and no diffusive Brownian motion is shown to exist, therefore the system does not have the ability to self-assemble. The characteristic Péclet number, P e = a 2 /D 0 (where  is the shear-rate, a the particle radius and D 0 the Stokes-Einstein diffusion coefficient) [27] in the opals is therefore consistently very much greater (of order a millionfold) than in the colloidal suspensions. Whilst many of the studies into ordered colloids therefore produce metastable crystallization states, the structures reported here represent stable configurations, as confirmed experimentally. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The colloidal systems are also entropy driven and equilibrium structures are determined by a resultant potential energy minimum from a combination of inter-particle collisions, dispersive forces, and electrostatic forces etc. [28] By contrast, the equilibrium in polymer opals is mainly associated with the accumulation and release mechanisms of strain energy from external forces e.g. shearing, stretching, etc. In such a system, where the fluid is absent, particles can additionally exert torque on each other. No theoretical understanding of this ordering yet exists, despite its utility in creating very large-scale ordered nanostructures.
In this paper, we present real-time measurements of dynamic shear-ordering and crystallization, thus gaining a deeper temporal understanding of the processes in polymer opal formation. An adapted oscillatory shear-cell facilitates a study of the macroscopic influences of shear on the crystallization process, and the development of bulk ordering is studied as a function of key experimental parameters, such as duty cycle and strain magnitude. 
II. METHODOLOGY AND SAMPLES
The polymer opal material described in this paper is based on ensembles of core-interlayershell (CIS) particles, as illustrated in Figure 1 . These were synthesized using a multi-stage emulsion polymerization process, as previously reported. [5, 29] The core-shell particle precursors are approximately 250nm in diameter, and consist of a hard cross-linked polystyrene (PS) core, coated with a thin polymer layer containing PMMA as a grafting agent, and a soft polyethylacrylate (PEA) outer-shell. [10] In this configuration, the net refractive index contrast between core and shell material is Δn ≈ 0.11, and the volume fraction of cores ≈ 55%. A general overview of the standard measured rheological parameters of the resultant polymer opal material is given in Figure 2 . In particular, the general signatures of visco-elastic behavior are observed, with the convergence of the storage and loss plots at strains around 20-30%, indicating the yield point, as is consistent with our earlier reports. [13, 18] Low oscillation frequency viscosities are in the range of 10 5 -10 6 Pa·sec, even at 100°C.
The shear-cell (Linkham CSS450 model [30] ) used in these optical interrogation experiments is illustrated in Figure 1 . The CIS precursor batch in this case was engineered for rheological testing at a slightly reduced Peclet number than for the opals previously studied; the shell PEA material was 2.5% thiolated, giving both a measured T glass value some 10°C
lower. In the present samples, no additional pigments (such as carbon black nanoparticles)
were added, to avoid additional spectral complexity, such as the peculiar angular dependence noted in some earlier studies. [31, 32] The as-synthesized composite material is carefully encapsulated between two parallel circular quartz windows with radius 1.5 cm and spacing 300 m, giving a total sample volume of ~0.2 l. Viewing ports of radius 1.4mm are built into each supporting plate at a radius of ~1 cm from the centre of quartz windows. The viewing ports are in an overlapping arrangement such as to allow continuous optical transmission measurements of the sample. Shearing of the sample is then achieved by a mechanical rotation of the bottom quartz window; the top quartz window is fixed stationary.
As the cell is of a circular geometry, this arrangement thus provides only an approximation of linear shear. However, the strain in all subsequent experiments is thus defined at the point of observation in the (middle of the) observation window, which is offset from the centre.
[30]
To achieve the necessary viscoelastic response, the cell is heated to a fixed temperature of 100°C.
Samples were tested in the shear-cell using the standard cycle given in Table 1 .
Firstly, a single continuous shear at constant rate over 10 seconds is employed to 'randomize' the sample and establish a base condition from which ordering can be initiated. In practice continuous shear is achieved by rotating the bottom plate in a clockwise direction. Secondly, a much slower shear rate in the same direction over 10 seconds relaxes any residual elastic forces present. Thirdly, oscillatory shearing (frequency 1 Hz, shear-strain amplitude 200%, or l/d ≈ 2, where l is the displacement of the cell plates and d is the sample thickness) is used to 'crystalize' the opal via shear-ordering. Ideally removing the shear stress required for crystallization will have no detrimental effects on ordering, but this may depend upon the phase when the oscillatory shear is stopped and the amount of stored elastic energy at the instant oscillation ceases. To relieve these elastic stresses, final small amplitude oscillation (frequency 2 Hz, strain amplitude 50%) is employed to negate any residual phase dependence in the previous shear-ordering phase. One might anticipate the same problem of phase also occurs during this step, but on a much reduced scale.
Real-time spectroscopic measurements were taken with an adapted Olympus BX51 microscope, using an incandescent white light source focused to a spot size of approximately 10 m diameter (×5 magnification), with the optical signal collected using suitable focusing optics and a fibre-coupled CCD spectrometer. The spectra were normalized using a diffusive white-light scatterer (for dark-field reflectance) and by using appropriate control measurements of the empty cell (for transmittance). All the microscopic images displayed were then taken with an Olympus BX51 light microscope, with videos being recorded on an RGB format video camera with pixel resolution set to 800 x 600 and a video white balance of red 2.41, green 2.03, blue 3.89, gain 1.1. Data was taken in transmission mode, instead of reflectance, for two main reasons. Firstly, the transmission yields information about light which has propagated across the bulk 300 µm thickness of the sample, whereas the reflectivity is only representative of ordering down to depths ~10 µm. Secondly, as we are not measuring free-standing films as in reference [14] , but material embedded between optical windows, there are practical issues of specular reflections from the windows and the normalization of spectra to overcome in reflectance.
Table 1
Step 
III. RESULTS
In Figure 3 (a), optical transmission spectra are shown as taken from the first phase of the testing cycle showing the randomization of a crystalline phase through continuous shear.
Initially, the spectrum shows a marked stop-band resonance centred around  = 600 nm, with higher transmittance at both the low and high energy sides. The reduced transmission at the UV end of the spectra is simply due to increased absorption at short wavelengths in the glass optics used. As the pre-shear phase develops spectra are captured at 0.2 second intervals, illustrating the shear-melting of the crystal from an ordered to a disordered state over a timescale of 3 seconds. This may be inferred from the rapidly decreasing Q-factor of the resonance and the commensurate change in transmission at the low-wavelength side of the resonance, which is directly indicative of the change in the particle spacing (radial distribution function) in the crystal. [33] Hence, characterizing this short wavelength end (around  = 530 nm) enables us to directly correlate spectral changes to increased/decreased ordering. To thus analyse how this shear-melting of the opaline crystal progresses, in figure 3 (b) the transmittance at  = 530 nm is extracted as a function of shearing time. Qualitatively, it was observed that the data showed an asymptotic behavior both at short and long times, and it is found that a sigmoidal function provides a good empirical fit. It is seen that the shearmelting is at near total completion in these experiments.
Conversely, in Figure 4 (a) optical spectra taken during the crystallization (oscillatory shear at 1Hz) phase of the testing cycle are shown. The progress of crystallization at 0.1 second intervals over a period of 10 seconds is observed, as inferred from the change in transmission at the low-wavelength side of the resonance. Further qualitative analysis of the crystallization process may be gained from the corresponding semi-log plot (figure 4b),
showing the development of the photonic stop-band with increasing Q-factor of resonance.
The small, yet measureable, progressive red-shifting of the resonance with increasing ordering is also consistent with previous reports, [14] whereby the in-plane packing density increases, thus pushing the crystal layers apart.
In order to gain a better insight into the dynamics of crystal formation, the data is now where T is transmittance and d is the sample thickness (see figure 4c) . In this form, the data can readily be fitted to an exponential function of the form-
where  0 and A are offset constants and  the timescale. Under these conditions of crystallization, a lifetime for the disorder-order transition of 2.4 sec is extracted. The progress of crystallization may also be followed visually from the intense structural colors which result; representative transmission microscope images are given in figure 4(d) comparing a sample where significant regions of poor crystalline ordering are evident at the moment of image capture, with a sample with uniform ordering and an intense green structural colour, following oscillatory shear. Two videos, which illustrate these visible changes in real time, are also available in the Supporting Information. [34] We note that some imperfections are evident in the images/videos taken over wide sample regions, associated with localized contaminants, cavities, and edge effects. However, care is exercised in ensuring uniformity over the areas from which spectra are gathered. The structural colour (and spectra) arising from ordered/disordered regions are self-evidently very different and easy to avoid. These videos also give a better context of the experimental dimensions, where the observation radius is 7.5mm to the center of the viewing window (radius 1.4mm). We expect that the strain therefore varies by 1.4/7.5 x 100 = 18.7% from one edge of the window to the other. Visually, there might indeed be signs of differences in crystallization between the edges, although this is masked to some degree by sample inhomogeneity. However, spectra are taken from a tiny spot (~10 micron diameter) in the middle of this frame, across which the strain only varies by 0.13%, which is insignificant in the wider context of the measurements.
As a further investigation into the dependence of the shear-ordering process on the magnitude of shear strain, samples were subjected to shear-cycles (oscillation frequency 1
Hz, 10 seconds) for various linear strain values of up to 400%. As before, the degree of crystallization is inferred from the extinction coefficient at the low-wavelength side of the resonance ( = 530 nm). As shown in Figure 5 , at low strain values below 100%, there is relatively little decrease of the low- optical extinction, indicating a limited, sub-optimal development of crystallization. Strains in the range of ~100 to 250%, however, produce much greater changes in the extinction coefficient, implying crystallization processes which are equilibrated or near-complete. As the strain magnitude increases towards 400%, a significant rise then occurs in the low- extinction, indicating an above-optimal strain and a limited development of crystallization. Whilst there is no obvious functional trend, in figure 5 the data points are fitted to a Gaussian-type function for clarity, indicating that optimal crystalline ordering occurs at a strain magnitude of around 160%. The residual extinction of ≈ 50cm -1 at this wavelength must come from additional sources of scattering that cannot be imaged. In both cases, the magnification was x5 and the scale bar is ≈ 0.2 mm. The dashed circles on the images indicate the spot-size over which spectra are obtained.
Figure 5
(Color Online) Figure 5 ; crystallization of an opal sample, as inferred from the optical extinction coefficient at the low-wavelength side of the resonance ( = 530 nm), as a function of strain, given a shear-cycle of oscillation frequency 1 Hz for 10 seconds. The data points are fitted to a Gaussian function to guide the eye, with the minimum value of optical extinction indicating that optimal crystalline ordering occurs at strain magnitudes of 160%. The inset defines the shear strain (l/d) within the cell geometry as indicated.
A study of the effect of oscillation frequency (within the experimentally attainable range of 0.5 and 2 Hz) gave no conclusive analysis (see Supporting Information, Figure 6 ), implying that using a higher frequency within a practicable range does not assist the crystallization. Whilst there is apparently some slight improvement in the final ordering in going from 0.5Hz up to 2 Hz, this might also be attributable to the increased number of cycles executed at higher frequencies. Within the 10 second "crystal growth" phase, as detailed in Table 1 , the number of successive cycles scales from 5 (at 0.5 Hz) up to 20 (at 2 Hz). A comparison may be drawn with Figure 4 , where at 1 Hz the characteristic timescale of 2.4 seconds corresponds to 2.4 shear cycles, and where an optimized structure is reached within 6-7 seconds (or 6-7 shear cycles).
Also, a key advantage of polymer opals as reported has been the ability to generate permanent structures in the solid state. Whilst a comparable stability may also be observed in highly concentrated suspensions (above volume fraction of 50%) [25] and glasses of hard spheres, [35] these cases produce structures without any of the other favorable attributes of Figure 6 ; (a) Effect of variation of shear oscillation frequency on the end transmission spectrum, retaining other parameters from Table 1 , and using a strain magnitude of 75%. (b) Spectra after multiple repetitions of the standard four-step shear sequence.
polymer opals, such as visco-elasticity, mechano-chromism, and bulk scalability. Normally colloidal crystals formed by shear in a concentrated suspension would eventually dissolve by diffusion (depending on solid concentration and particle size). In spite of the lower viscosity of these samples as compared to the thin-films reported previously and the higher temperature of the melt, we still technically have a solvent-less "fluid" with high yield stress and thermal rearrangement due to diffusion is negligible. The relaxation of elastic strain in the shell material is accelerated at higher temperatures and this may cause a slight disordering in the crystal; however there is no evidence of such degradation with time due to thermodynamics (thermal motion). Once any elastic forces have been allowed to relax (phases 2 and 4 of the testing cycle, see Table 1 ), the optical spectra of the resultant structures are not seen to change or degrade significantly over timescales of hours, whilst our previously reported polymer opal films notably retain their iridescence over timescales of several years. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] This illustrates another key difference with shear-ordering colloidal systems within a fluid phase, [21] [22] [23] [24] [25] [26] [27] [28] where a minimum shear rate is required for crystallization to remain and thermal motion rapidly produces dissolution at rest.
The reproducibility of shear-ordering after several standard shear cycles was also tested (see transmission spectra in Supporting Information, Figure 6 ). Each repeat cycle produced crystalline ordering, as characterized from the transmission spectrum, which was comparable to those above.
IV. DISCUSSION
The clear progression of crystallization in time with oscillatory shearing is wholly consistent with our earlier reports, which involved tracking the increased ordering using incremental multi-pass methods. [11, 14] These earlier methods involved PET-encapsulated samples, with shear being applied by means of a heated edge/knife. In terms of the reproducible and uniform application of shear-strain, the repeatability of the shearing cycle, and the lack of ability to perform in-situ measurements in real time, these reports therefore had clear limitations. A linear dependency of ordering with number of shear passes (number of passes  5) was proposed in reference [14] , however physical intuition suggests that the optical signatures of ordering will not proceed indefinitely, but will reach an asymptotic limit at a time where crystallization has completed. Furthermore, it is to be expected that as the crystal becomes more 'perfect', it will become more susceptible to damage by further motion. There should therefore be an equilibrium point at which the rate of damage (increasing defects) is equal to the rate of crystallization. This expected behavior is now strongly verified, as illustrated in Figure 4 .
We can make key quantitative comparisons with the many reports, both experimental and theoretical, of crystallization in colloidal suspensions. [36, 37] A measured viscosity of Of further interest are the dynamics of crystal shear-melting under a constant shear rate ( figure 3 ) and the apparent non-linearity at the beginning of the shear-ordering phase. It is clear that this also has a net effect on the overall timescale associated with the orderdisorder transition in the crystal. One can speculate that there is an inherent yield stress in the system; the opals have to be sheared past a certain strain to produce viscoelastic flow.
Previous microscopy studies on polymer opal films have revealed a layered cross-section with ordered regions towards the outer surfaces; [7, 12] behavior which was also readily observed in the radial profile of extruded polymer opal fibres. [40] In the present situation, where shearing induces disordering, it could be that initially all the shear occurs at the cell walls, which then gradually propagates towards the middle of the cell. Alternatively, this could be evidence of an intrinsic non-Newtonian behavior, such as shear working/softening.
Detailed rheological studies will be required in the future in order to fully address such issues.
In order to better analyse the dependency on strain magnitude ( Figure 5 ), it is instructive to refer to our previous work (Kontogeorgos et al. [13] ) where the opto-mechanical properties of an ordered polymer opal film were investigated under the effect of a linear strain. Whilst care must be taken in making a direct quantitative comparison of shear strain in these two distinct geometries, in that earlier case a correlation was found between the yield strain (~20%) and the slippage of crystal planes and the development of a phase change in the lattice structure. Hence, it can be inferred that straining the opal beyond the point of planeslippage enables a reconfiguration of particles into a more highly ordered configuration. As a further confirmation of the role of shearing in the ordering process, the work in reference [14] found that such shear-induced ordering required a minimum local strain, as defined by the curvature of the heated shearing edge. Once again, in the present study of oscillatory shear, we observe a strong dependency on the strain magnitude, with a marked "switch-on" of the crystalline ordering above ~100% strain. Strains exceeding 100% seem thus to be required to drive the particles through local energy barriers.
During shearing of the polymer opal, momentum is transferred between spheres by collision and also by the elastic forces between matrix and spheres. As a general principle, when any work is done against these elastic forces (such as by shear), there must be a stored energy, which may be released either by i) relaxation into the original state, ii) relaxation into a more ordered state, or iii) dissipated into the matrix due to viscosity component of its stress response. It is expected that the transition from disorder to order will involve a change in the configurational energy, with an activation energy which is determined by the forces retaining the structure in its original state (the "restoring" force). For crystallization to proceed, the stored energy must be greater than this required activation energy. [41] Hence, a large shearing force gives more energy to sphere rearrangement, whilst the activation energy threshold is constant; therefore, we can infer that a large strain is able to both increase the speed of crystallization and the equilibrium level of ordering. In this highly viscous system, temporal asymmetry seems to require that strain rates are comparable to local creep rates, thus suggesting an upper limit to the ordering speed possible.
This shear cell study also facilitates investigation of the ordering behavior at much larger strain magnitudes than previously practicable. The crystalline ordering decreases rapidly above ~ 250% shear strain. A comparable effect has also been seen in our previous work on stretching in polymer opal fibers. [40] We believe this to be an example of high-shear disorder (see Catherall et al. [42] ), whereby the shear-induced movement and flow of particles at very high strain leads to a rapid breakdown of any crystalline ordering, and this also inhibits the crystallization of the opal from the base disordered condition. Finally, in addition to crystallization processes in polymer opals, crystal shear-melting effects have also been characterized. The mechanism is suggested to be the introduction of disorder by the high strains produced from steady shear, as is consistent with our arguments concerning the shearstrain amplitude on ordering. In the present situation, where there is no fluid medium, it is to be expected that particle-particle friction is very high and can additionally transmit torque through the system, which is likely to be the main mechanism by which excessive shear causes shear-melting.
V. CONCLUSIONS
By using an adapted shear-cell arrangement, we have presented a study of the dynamic oscillatory shear-ordering of viscoelastic photonic crystals (polymer opals). The behavior of this solvent free system is inherently distinct from that seen in shear-ordered colloidal suspensions within a fluid medium. The crystallization process, as inferred in real time from the optical transmission of the cell, shows an exponential-type behavior in the employed regime of viscosity, temperature and shearing duty cycle, with timescales of order 2 seconds.
The temporal dependence seen for crystal shear-melting under large shear shows a marked non-linearity in the early stage of the process, with a net effect on the overall associated
timescale. An optimal ordering process is observed in a pre-randomized sample at shear strains of around 160%, for a 1Hz oscillation frequency. Clear regimes of sub-optimal strain and high-shear disordering are observed at lower and higher amplitudes respectively. One aim of this quantitative work is to stimulate and direct the development of new theoretical models which can deal with the strong local particle interactions developed in this system, and which are needed to better harness the greatly improved nanoscale ordering they provide.
